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 I 
摘要 
晶体硅太阳能电池因其原料丰富、光电转换效率较高、稳定性好、工作寿命
长、制备技术成熟等优异特性，长久以来一直占据着光伏市场的主导地位。光电
转换效率是晶体硅太阳能电池的关键技术指标之一。众所周知，晶体硅表面钝化
可以有效地降低太阳电池的表面复合损失，从而显著提高太阳电池的光电转换效
率。目前工业界普遍采用 PECVD (Plasma Enhanced Chemical Vaopor Deposition) 
法制备氮化硅薄膜做为晶体硅的表面钝化层。然而，该薄膜中存在的大量正的固
定电荷，仅适用于 p 型衬底的晶体硅太阳电池的表面钝化。目前，以 n 型硅为衬
底的高效率电池正在成为研究热点，因此带负的固定电荷的薄膜对 p 型硅表面进
行钝化成为亟待解决的课题。 
本论文研发了一种带负的固定电荷的钝化薄膜，即掺磷氮化硅薄膜，并采用
数值模拟与实验研究相结合的方式，研究了掺磷氮化硅在 p 型硅表面的钝化特
性。首先，进行 PC1D 模拟和晶体硅太阳能电池表面复合速度计算，理论计算表
明，不同导电类型的半导体应选用不同性质的介质薄膜来对其进行钝化，表面负
的固定电荷的密度在增大到一定数值后，负的固定电荷形成的电场对于 p 型硅表
面的钝化效果是更加显著的。若要达到负的固定电荷对太阳电池的 p 型硅表面钝
化显著的情况，负的固定电荷密度必须要达到 3×1011 cm-2量级以上。其次，通过
采用掺磷氮化硅薄膜进行钝化实验研究，结果表明，掺磷氮化硅不但具有传统淡
化硅的化学钝化效果，还具有较高的场效应钝化效果，其所带的负的固定电荷密
度可以达到 1012 cm-2量级。光照条件下，掺磷氮化硅钝化的 p 型硼掺杂的直拉单
晶硅，其有效少子寿命会出现增大现象（定义为“光致增强现象”），这种增大趋
势会在 100 分钟左右达到饱和值。实验研究还发现，低温退火不仅可以提高掺磷
氮化硅钝化硅片的少子寿命，还可以增大光致增强的幅度，缩短少子寿命在光照
下达到最大值所用的时间（低于 15 分钟）。研究表明，掺磷氮化硅薄膜中的负固
定电荷在光照的情况下增多，从而产生光致增强现象。而且低温退火会提高薄膜
中的负固定电荷的数量，从而使低温退火后掺磷氮化硅钝化硅片的少子寿命得到
提高。此外，低温退火后会增大光致增强幅度则是由化学钝化和负固定电荷的场
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效应钝化效果共同作用的结果。 
本研究有效地解决了长久以来 p 型硼掺杂直拉法生长的单晶硅上出现的少
子寿命光致衰减问题。同时，本研究为以 n 型硅为衬底的晶体硅太阳能电池提出
了一种低成本的表面钝化薄膜技术，具有较大的实际意义。 
关键词：晶体硅太阳电池 钝化 掺磷氮化硅 负的固定电荷 光致增强现象 
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Abstract 
Crystalline silicon (c-Si) solar cell has long been dominated PV market, due to 
its outstanding properties, such as abundant raw materials, high photoelectric 
conversion efficiency, good stability, long working life, and mature manufacturing 
technology. And one of the key technical parameters of c-Si solar cells is the 
photoelectric conversion efficiency. As known to us, surface passivation can 
effectively reduce the surface recombination loss of c-Si solar cell and thereby 
significantly improve the photoelectric conversion efficiency.Currently, PECVD  
(Plasma Enhanced Chemical Vaopor Deposition) process is commonly used in 
industry to deposit a silicon nitride thin passivation layer on the surface of c-Si soalr 
cell. However, there are a large number of positive fixed charge existed in this thin 
film, which is suitable for p-type substrate c-Si solar cell surface passiviation. At 
present, high efficiency solar cell with n-type c-Si as a substrate is becoming a hot 
topic, therefore, it is urgently to prepare a thin film with a negative fixed charge for 
p-type silicon surface passivation. 
This paper developed a passivation film, phosphorus-doped silicon nitride film, 
which affilicated negative fixed charge. And the passivation properties of the 
phosphorus-doped silicon nitride coating on p-type silicon surface has been 
investigated by use of numerical simulation, combining with experimental studies. 
Firstly, PC1D simulation and c-Si surface recombination rate calculations have been 
carried out. The theoretical calculations show that, the choice of passivation thin film 
is decided by the conductivity of semiconductor.When the negative fixed charge 
density increases to a certain value, the electric field formed by negative fixed charge 
has much significant effect on the p-type c-Si surface passivation of solar cell, and 
this significant passivation require the negative fixed charge density to be above 
3×1011 cm-2 orders of magnitude. Secondly, passivation experiments have been 
studied by use of phosphorus-doped silicon nitride film. The results show that, not 
only phosphorus-doped silicon nitride has the same chemical passivation effect as 
traditional silicon nitride, but also it has high field-effect passivation, whose negative 
fixed charge density can reach 1012 cm-2 orders of magnitude. When under lighting, 
the effective minority carrier lifetime of p-type boron dope Czochralski silicon, 
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passivated by phosphorus-doped silicon nitride, appears to increase (this phenomenon 
is defined as 'light-induced enhancement phenomenon'). And the increasing trend will 
reach its saturaiton within 100 minutes. Experimental study also found that, the 
low-temperature annealing on silicon wafer passivated by phosphorus-doped silicon 
nitride can not only increase the minority carrier lifetime, but also it improve the 
light-induced enhancement amplitude and shorten the time to less than 15 minutes for 
minority carrier liftime to reach its maximum value in the light condition. It is 
determined that, the amount of negative fixed charge in the phosphorus-doped silicon 
nitride thin film will be increased under the light, thereby light-induced enhancement 
phnomenon occurs. Moreover, the low-temperature annealing will increase the 
number of negative fixed charge in the thin film, so the minority carrier lifetime of 
such silicon wafer has been raised. In addition, both chemical passivation and field 
effect passivation of negative fixed charge together result to the increasing of 
amplitude of the light-induced enhancement after low-temperature annealing on the 
phosphorus-doped silicon nitride coating silicon wafer. 
This study effectively solved the problem—the light-induced decay of minority 
carrier lifetime long happens on the p-type boron doped Czochralski single crystal 
silicon. Meanwhile, the study presented a low cost surface passivation film 
technology for n-type crystalline silicon solar cell. Therefore, the study has great 
practical significance. 
Keywords: crystalline silicon solar cell; passivation; phosphorus-doped silicon nitride; 
negative fixed charge; light-induced enhancement phenomenon 
厦
门
大
学
博
硕
士
论
文
摘
要
库
 V 
目 录 
中文摘要 ......................................................... I 
英文摘要 ........................................................ Ⅲ 
第一章绪论 ....................................................... 1 
1.1 晶体硅太阳电池的发展历史及工作原理 ............................ 1 
1.1.1 晶体硅太阳电池的发展历史 ................................... 1 
1.1.2 晶体硅太阳电池的工作原理 ................................... 2 
1.1.3 影响晶体硅太阳电池光电转换效率的因素 ....................... 7 
1.2 晶体硅太阳电池表面钝化薄膜的发展历史 .......................... 9 
1.3 对晶体硅太阳电池钝化薄膜进行研究的重要意义 ................... 11 
1.4 本论文的主要工作 ............................................. 13 
参考文献 ........................................................ 16 
第二章 晶体硅中的复合理论及表面复合与固定电荷关系的计算 ......... 24 
2.1 表面钝化对晶体硅太阳电池效率影响的理论分析 ................... 24 
2.2 晶体硅中的复合理论 ........................................... 25 
2.2.1 晶体中非平衡载流子的复合 .................................. 25 
2.2.2 体复合 .................................................... 27 
2.2.3 晶体硅太阳电池中的光致衰减 ................................ 32 
2.2.4 表面复合 .................................................. 39 
2.3 有效表面复合速度随固定电荷变化的数值分析 ..................... 41 
2.3.1 有效表面复合速度的计算方法 ................................ 42 
2.3.2 不同捕获截面下的负的固定电荷对 p 型硅的有效表面复合速度的影响
 ............................................................... 44 
2.3.3 相同捕获截面下的正负固定电荷对 p 型硅的有效表面复合速度的影响
的比较 ......................................................... 46 
2.3.4 相同捕获截面下的负的固定电荷对 n 型和 p 型硅的有效表面复合速度
的影响的比较 ................................................... 48 
2.4 结论 49 
参考文献 ........................................................ 51 
第三章 掺磷氮化硅生长设备及其表征仪器 ........................... 55 
厦
门
大
学
博
硕
士
论
文
摘
要
库
 VI 
3.1PECVD 设备 ................................................... 55 
3.1.1 辉光放电原理 .............................................. 56 
3.1.2 等离子体增强化学气相沉积的化学反应过程 .................... 58 
3.2 磁控溅射 .................................................... 59 
3.2.1 磁控溅射设备工作原理 ...................................... 59 
3.2.2 磁控溅射的特点及影响溅射的薄膜质量的因素 .................. 61 
3.3 少子寿命测试仪（WT-2000PV） .................................. 62 
3.3.1WT-2000PV 少子寿命测试性能 ................................. 62 
3.3.2WT-2000PV 少子寿命测试原理 ................................. 62 
3.4 半导体参数仪（Keithley 4200-SCS） ............................ 63 
3.5 电化学电容电压测试仪 ......................................... 68 
3.5.1ECV 测试仪参数 ............................................. 68 
3.5.2ECV 测量原理 .............................................. 69 
3.6 二次离子质谱 ................................................. 69 
3.6.1 二次离子质谱的功能 ........................................ 69 
3.6.2 二次离子质谱的工作原理 .................................... 70 
3.7 结论 70 
参考文献 ........................................................ 72 
第四章掺磷氮化硅钝化的 p 型 Cz-Si 的光致增强现象的研究 ............. 74 
4.1 实验细节 .................................................... 76 
4.2 结果与讨论 .................................................. 77 
4.2 结论 87 
参考文献 ........................................................ 88 
第五章 热退火对掺磷氮化硅钝化的 p 型 Cz-Si 的少子寿命及光致增强现象的
影响 ............................................................ 92 
5.1 实验细节及仪器原理 .......................................... 94 
5.2 结果与讨论 .................................................. 96 
5.2.1 低退火温区 ................................................ 98 
5.2.2 高退火温区 ............................................... 101 
5.2 结论 103 
参考文献 ....................................................... 105 
第六章 结果与展望 .............................................. 108 
厦
门
大
学
博
硕
士
论
文
摘
要
库
 VII 
6.1 总结 108 
6.2 展   望 .................................................... 110 
攻读博士期间的科研成果 ......................................... 111 
致 谢 .......................................................... 112 
厦
门
大
学
博
硕
士
论
文
摘
要
库
 VIII 
Table of Contents 
Abstract in Chinese………………………………….…………………………Ⅱ 
Abstract in English………………………………….…………………………Ⅲ 
Chapter 1Introduction…………………………………………………………1 
1.1The development history and working principle of crystalline silicon solar 
cells………………………………………………………………………….……1 
1.1.1 The development history of crystalline silicon solar cells…….……1 
1.1.2 The working principle of crystalline silicon solar cells……………….……2 
1.1.3 The influence factors of photoelectric conversion efficiency of crystalline 
solar cells……………………………………………………………….……7 
1.2 The development history of crystalline silicon solar cell surface passivation 
film………………………………………………………………………….……9 
1.3 The importance of the research on crystalline silicon solar cells passivation 
film…………………………………………………………………….……11 
1.4 The main work in this paper………………………………………….……13 
Reference………………………………………………………………….……16 
Chapter 2 Recombination thery in crystalline silicon and calculation 
of surface recombination with fixed charge relations…………………24 
2.1 The theoretical analysis of the influence of surface passivation on the 
efficiency of crystalline silicon solar cells……………………………….……24 
2.2 Recombination theory in crystalline silicon……………………….……25 
2.2.1The recombination of non-equilibrium carriers in crystal…………………25 
2.2.2Bulk recombination………………………………………………….……27 
2.2.3 The light-induced degradation in crystalline silicon solar cells…………32 
2.2.4Surface recombination……………………………………………….……39 
2.3 Numerical analysis of the effective surface recombination velocity variation 
with fixed charge…………………………………………………………………41 
2.3.1 The calculation method of effective surface recombination velocity…42 
2.3.2The effect of fixed negative charge on the effective surface recombination 
velocity of p-type siliconunder different capture cross section…….……44 
2.3.3 The comparison of the effects of positive and negative fixed charge for the 
effective surface recombination velocity of p-type silicon under the same capture 
cross section…………………………………………………………………46 
2.3.4The comparison of the the effects of fixed negative charge on the effective 
surface recombination velocity of p- and n-type silicon under the same capture 
厦
门
大
学
博
硕
士
论
文
摘
要
库
 IX 
cross section……………………………………………………………….……48 
2.4 Conclusion………………………………………………………….……49 
Reference………………………………………………………………….……51 
Chapter 3 Deposition and characterization instruments ofP-doped 
silicon nitride ……...…………………………….….…….………………………55 
3.1 PECVD equipment……………………………………………….……55 
3.1.1 Principle of glow discharge…………………………………….……56 
3.1.2 The chemical reaction process of plasma enhanced chemical vapor 
deposition………………………………………………………………….……58 
3.2 Magnetron sputtering…………………………………………….……59 
3.2.1 Theworking principle of magnetron sputtering equipment…….……59 
3.2.2 The characteristics of magnetron sputtering and the influencefactors of the 
sputtered films…………………………………………………………….……61 
3.3 Minority carrier lifetime tester (WT-2000PV)………………….……62 
3.3.1 Theperformance of minority carrier lifetime for WT-2000PV…….……62 
3.3.2 The testing principle of minority carrier lifetime for WT-2000PV………62 
3.4 Semiconductor Parameter Analyzer (Keithley 4200-SCS)………….……63 
3.5 Electrochemical capacitance-voltage tester………………………….……68 
3.5.1 The parameters of the ECV tester….…….…….…….……….……68 
3.5.2 The Measuring principle of ECV…………………………………………69 
3.6Secondary ion mass spectrometry………………………………….……69 
3.6.1 Thefunctions of secondary ion mass spectrometry…….………….……69 
3.6.2 The working principle of the secondary ion mass spectrometry…………70 
3.7 Conclusion……………………………………………………………….……70 
Reference………………………………………………………………….……72 
Chapter 4The study on the phenomenon of light-induced 
e n h a n c e m e n t  o f  p - t y p e  C z - S i w i t h  P - d o p e d  s i l i c o n 
nitride………………………………………………………………………………74 
4.1 The experimental details…………………………………………….……76 
4.2 Results and discussion…………………………………………….……77 
4.3 Conclusion……………………………………………………………….……87 
Reference………………………………………………………………….……88 
Chapter 5 Effect of thermal annealing on minority carrier lifetime 
and light-induced enhancement phenomenon of P-doped silicon 
nitridepassivated p-type Cz-Si………………………………………………92 
5.1 The experimental details…………………………………………….……94 
厦
门
大
学
博
硕
士
论
文
摘
要
库
 X 
5.2 Results and discussion…………………………………………….……96 
5.2.1 Low annealing temperature zone…….……………………………….……98 
5.2.2 High annealing temperature zone………………………………………101 
5.3 Conclusion…………………………………………………………….……103 
Reference………………………………………………………………….……105 
Chapter 6Conclusion and prospect………………………………………108 
6.1 Conclusion………………………………………………………….……108 
6.2Prospect……………………………………………………………….……110 
The scientific research achievements during PhD……….……….…111 
Acknowledgement………………………………….……….………....…….…112 
厦
门
大
学
博
硕
士
论
文
摘
要
库
第一章绪论 
1 
第一章绪论 
2015 年的 BP 世界能源统计年鉴表明，截止 2014 年末，全球石油探明储量
为 1.7001 万亿桶，足够 52.5 年的生产需求，天然气探明储量为 187.1 万亿立方
米，足够 54.1 年的生产需求，煤炭探明储量足够 110 年的生产需求，是所有化
石燃料中储量最高的[1]。这说明，地球上的化石能源用完的那一天距离我们已经
不再遥远了。因此，为了未来人类的生存，对可再生能源的探索迫在眉睫。目前
人类利用的可再生源主要包括六种，即太阳能、水能、风能、生物质能、波浪能
和潮汐能。太阳能发电——太阳电池的开发利用技术是继水能和风能之后自从
1973 年世界爆发了第一次能源危机以来，在短短的几十年间逐渐成熟起来的。
研究人员主要是从太阳电池的制备材料、电池的结构和电池的制备工艺等方面对
其进行了不断的研究，这使得太阳电池在不断提高效率的同时，也大大地降低了
生产成本[2-30]。截止 2014 年底，全球每年太阳能电池的装机总量已经超过了
177GW[31]。在以亟待解决的大气污染、水污染、温室效应等环境问题、能源短
缺及经济发展等状况的促使下，相信，随着进一步的光伏发电成本的降低，太阳
能资源发电产业必将进入到大规模的发展时期。硅是地壳上含量最丰富的半导体
材料，它的禁带宽度为 1.12eV，属于满足制作太阳电池的半导体的禁带宽度的
范围（1.1eV～2.0eV）内，所以，晶体硅必然了成为了制作太阳电池的较理想的
半导体材料。长久以来，晶体硅电池一直占据着光伏市场的主导地位，这是因为
这种电池的所具有的各种优异特性，如：它的光电转换效率较高、电池稳定性好、
实用寿命长、成熟的制备技术等。因此，对提高晶体硅太阳电池效率方面的研究
是具有重要意义的。而对于晶体硅太阳电池的发展历史及工作原理的了解，对我
们接下来开展的研究工作具有指导性的意义。 
1.1晶体硅太阳电池的发展历史及工作原理 
1.1.1晶体硅太阳电池的发展历史 
1954 年，贝尔实验室[32]首次研制出了 6%的光电转换效率的单晶硅太阳电
池，这开启了人类利用晶体硅来制备太阳电池的大门。1958 年，世界上第一颗
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